Chlamydia trachomatis strains are obligate intracellular human pathogens that share near genomic synteny but have distinct infection and disease organotropisms. The genetic basis for differences in the pathogen-host relationship among chlamydial strains is linked to a variable region of chlamydial genomes, termed the plasticity zone (PZ). Two groups of PZ-encoded proteins, the membrane attack complex/perforin (MACPF) domain protein (CT153) and members of the phospholipase D-like (PLD) family, are related to proteins that modify membranes and lipids, but the functions of CT153 and the PZ PLDs (pzPLDs) are unknown. Here, we show that full-length CT153 (p91) was present in the elementary bodies (EBs) of 15 C. trachomatis reference strains. CT153 underwent a rapid infection-dependent proteolytic cleavage into polypeptides of 57 and 41 kDa that was independent of de novo chlamydial protein synthesis. Following productive infection, p91 was expressed during the mid-developmental cycle and was similarly processed into p57 and p41 fragments. Infectedcell fractionation studies showed that insoluble fractions contained p91, p57, and p41, whereas only p91 was found in the soluble fraction, indicating that unprocessed CT153 may be secreted. Finally, CT153 localized to a distinct population of reticulate bodies, some of which were in contact with the inclusion membrane.
Chlamydia trachomatis is a Gram-negative obligate intracellular pathogen that is the cause of trachoma and sexually transmitted infections in humans. Chlamydiae have a unique biphasic developmental cycle in which the infectious, metabolically inactive elementary body (EB) invades host cells and remains restricted within a membrane-bound vacuole termed an inclusion. EBs transform into metabolically active, noninfectious reticulate bodies (RBs) that grow and replicate by binary fission. RBs undergo a secondary differentiation into EBs, which are released from the host cell to initiate another round of infection (35) .
C. trachomatis depends upon the eukaryotic host for a number of metabolic intermediates and captures host-derived lipids via multiple routes during the intracellular phase of its developmental cycle (24, 59) . Chlamydia induces Golgi compartment fragmentation (25) and intercepts Golgi compartment-derived exocytic vesicles (11, 21) , whereby the pathogen acquires cholesterol, sphingomyelin, and possibly other nutrients. Chlamydial inclusions sequester lipid droplet (LD) organelles from host cells (14) and fuse with multivesicular bodies (MVBs), which serve as a primary source for sphingomyelin and lysobisphosphatidic acid (3, 46) . The inclusion membrane protein IncA (14) , chlamydial Lda proteins (32) , and the phospholipase D (PLD) paralogs (37) have all been implicated in lipid acquisition, but the specific mechanisms by which chlamydiae target and assimilate lipids remain largely unknown.
The genomes of many chlamydial strains are fully sequenced (1, 13, 29, 44, 45, 50, 52, 55, 56) . Comparative genomic analyses have strongly influenced our understanding of the molecular basis of the pathogenic variability in the Chlamydiaceae and have provided important insights into common and speciesvariable virulence factors. C. trachomatis and Chlamydia muridarum, human and murine pathogens, respectively, have more than 99%-orthologous gene contents (44) . C. trachomatis serovariants that cause trachoma or sexually transmitted diseases have more than 99.5% overall nucleic acid sequence identity (13, 30) . Thus, Chlamydia contains a highly conserved core genome that mediates genus-common functions such as metabolism and cell division. Major genomic differences fall into two highly variable gene families: ompA, which encodes the major outer membrane protein (MOMP), and polymorphic membrane protein genes (pmp's), which encode type V autotransporters (13, 29) . A third region of genomic variability is near the replication terminus and is termed the plasticity zone (PZ) (44) . Genes in the PZ encode strain-and species-variable alleles that have been implicated in in vivo pathogenic diversity by mechanisms involving immune avoidance (10, 34, 39) .
Genetic diversity in the PZ reflects an array of chlamydial virulence factors that have evolved to counteract or evade species-specific immune effectors in chlamydial host organisms. For example, PZ genes encoding the tryptophan biosynthesis operon and chlamydial cytotoxins correlate with in vivo infection tropisms and immune evasion strategies (6, 10, 12, 34, 38, 39) . The expanded family of genes that encode PZ phospholipase Ds (pzPLDs), which are putative lipid-modifying enzymes, may play an important role in chlamydial survival late in the developmental cycle (37) . pzPLDs contain an HKD motif (42, 52) similar to those seen in lipid-hydrolyzing enzymes and have been suggested to function in chlamydial lipid modification or metabolism (37) . Supporting this hypothesis, CT156/Lda1, a pzPLD, was recently shown to localize to cytosolic-neutral, lipid-rich structures adjacent to the inclusion membrane (32) .
CT153 gene orthologs are conserved in all sequenced C. trachomatis genomes and are located immediately upstream from the pzPLD genes, suggesting that the proteins have concomitant functions (13, 41, 44, 52, 55) . C-terminal amino acid residues 427 to 621 of CT153 share homology with the membrane attack complex/perforin (MACPF) domain (41) . The MACPF domain of human perforin and complement 9 contains membrane-spanning regions that map to two amphipathic ␣-helices that form a helix-loop-helix functional motif (40) . The crystal structures of prokaryotic and eukaryotic MACPF domains demonstrated that the MACPF domain is similar to the pore-forming, cholesterol-dependent cytolysins (CDC) of Gram-positive bacteria (22, 47) . A characteristic shared by members of the MACPF/CDC superfamily is the ability of secreted monomers to convert into membrane-inserted oligomers that form lytic pores in membranes or function in nonlytic membrane interactions (48) . MACPF domaincontaining proteins from Toxoplasma and Plasmodium form pores to facilitate parasite egress from cells (28) and disrupt membranes to allow the parasite to transverse host cells (26, 27) , respectively. Listeria monocytogenes listeriolysin O, a secreted cytolysin, and listerial phospholipases mediate pathogen escape from the nascent membrane-bound vacuole and disrupt host membranes during intercellular dissemination (15, 51) . Thus, both the presence of an MACPF domain in CT153 and its linkage with the putative lipid-modifying pzPLD proteins suggest the hypothesis that CT153 interacts with host cell membranes (44) . There are limited reports on the biological characterization of CT153. Transcriptome analysis of the C. trachomatis developmental cycle showed CT153 to be a gene expressed during the mid-developmental cycle (7), an expression pattern that correlates with RB replication.
Here, we provide the first biological characterization of CT153. We show that CT153 is expressed by all C. trachomatis serovars, undergoes proteolytic processing, and is associated with both the insoluble and soluble fractions of chlamydiainfected cells. CT153 localized to a distinct population of RBs located at the inclusion membrane interface and to atypical large RBs within the inclusion lumen. Lastly, we show that CT153 expression is correlated with the ability of chlamydiae to accumulate intrainclusion LDs in a strain-specific manner.
MATERIALS AND METHODS
Chlamydial strains and propagation. C. trachomatis serovars A/Har-13, B/TW-5/OT, Ba/Ap-2, C/TW-3/OT, D/UW-3/Cx, E/Bour, F/IC-Cal-3, G/UW-524/Cx, H/UW-4/Cx, I/UW-12/Ur, J/UW-36/Cx, K/UW-31/Cx, L1/LGV-440, L2/ LGV-434, and L3/LGV-404, C. muridarum strain Weiss (MoPn), and Chlamydia caviae strain guinea pig inclusion conjunctivitis (GPIC) were propagated and purified from HeLa 229 cells as previously described (8) . Total protein concentrations of the purified EBs were measured by bicinchoninic acid assay (Thermo Fisher Scientific, Rockford, IL).
Cloning, expression, and purification of CT153. The CT153 allele from C. trachomatis serovar D genomic DNA was amplified by PCR using primers CT153A (5Ј-CACCATGACTAAGCCTTCTTTCTTATACG-3Ј) and CT153B (5Ј-ATAACCTGAAGATTTTTTAATAATAAAGATAGC-3Ј). The resulting PCR product was cloned into pENTR/SD/D-TOPO (Invitrogen, Carlsbad, CA) and was subcloned into pEXP2, a prokaryotic expression vector containing a C-terminal six-histidine tag and a 14-amino-acid V5 epitope tag for purification and detection (Invitrogen, Carlsbad, CA). The final vector was confirmed by restriction digest and by DNA sequencing. BL21(DE3) Escherichia coli cells (Invitrogen, Carlsbad, CA) were transformed and induced with isopropyl-␤-Dthiogalactopyranoside during mid-log-phase growth. Cultures were harvested by centrifugation 12 h after protein expression was induced. Cell pellets were suspended in phosphate-buffered saline (PBS), pH 7.2, extracted by sonication, and centrifuged to obtain insoluble and soluble fractions. Recombinant CT153 (rCT153) was batch purified from the soluble fractions by immobilized metal affinity chromatography (IMAC) using cobalt resin according to the manufacturer's protocol for nondenaturing purification (BD Biosciences, San Jose, CA) and was eluted from the column using a step gradient of increasing imidazole concentrations.
Generation of anti-CT153 antibodies. Pooled elution fractions from IMAC analyses were concentrated, separated by SDS-PAGE, and stained with GelCode blue (Thermo Fisher Scientific, Rockford, IL). The predominant eluted polypeptides were excised, digested with trypsin, and subjected to matrix-assisted laser desorption ionization-time of flight (MALDI) mass spectrometry (MS) analysis to confirm their identities (Scripps Center for Mass Spectrometry, La Jolla, CA). The Animal Care and Use Committee of the National Institute of Allergy and Infectious Diseases approved all animal experiments. Six 8-to 12-week-old female BALB/c mice were subcutaneously immunized with 2 g of purified rCT153 emulsified in 0.2 ml of Ribi adjuvant system (Corixa, Hamilton, MT) as previously described (37) . Sera were collected, antibody (Ab) specificity was confirmed by Western blotting of purified EBs, and titers were determined by enzyme-linked immunosorbent assay using rCT153.
SDS-PAGE and Western blotting. Equivalent amounts of protein from density gradient (DG)-purified EBs from 15 C. trachomatis reference serovars, C. muridarum, and C. caviae were boiled for 10 min in Laemmli buffer and were separated on 10% or 4 to 15% Criterion precast gels (Bio-Rad, Hercules, CA). Proteins were electrophoretically transferred to 0.2-m nitrocellulose membranes in sodium phosphate buffer at 100 V for 35 min. Membranes were blocked at room temperature (RT) for 2 h in PBS containing 3% bovine serum albumin (BSA), 0.05% Tween 20, and 0.02% NaN 3 and then incubated with designated primary Abs at RT overnight. Blots were washed with PBS containing 3% BSA and 0.05% Tween 20 and then incubated at RT for 2 h with goat anti-mouse horseradish peroxidase-conjugated secondary Ab (MP Biomedicals, Solon, OH). The blots were washed with PBS containing 0.05% Tween 20, rinsed with PBS, and then developed with 4-chloro-1-naphthol and H 2 O 2 .
Temporal kinetics of CT153 processing and expression in infected cells. HeLa 229 cells were grown in 6-well plates and infected with C. trachomatis serovar D or mock infected in duplicate using a multiplicity of infection (MOI) of 1 or 1,000 in the presence or absence of 1 g/ml rifampin and 5 g/ml chloramphenicol. Monolayers were washed with Hanks balanced salt solution and suspended in 300 l of Laemmli buffer warmed to 56°C at the times postinfection designated in Fig. 2 and 3 . Samples were subjected to SDS-PAGE and Western blotting using anti-CT153, anti-MOMP (B-B5b), or anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Abcam, Cambridge, MA).
Preparation of cellular fractions. C. trachomatis serovar L2-infected L929 suspension cultures were harvested by centrifugation at 0, 12, 24, 30, and 36 h postinfection and lysed by Dounce homogenization, and cellular fractionation was performed as previously described (9, 18, 53) . Insoluble and soluble fractions were analyzed by Western blotting using anti-CT153, anti-MOMP, or anti-chlamydial protease-like activity factor (CPAF) (16) Abs.
Confocal microscopy. HeLa 229 cells were grown on coverslips, infected with C. trachomatis serovar D at an MOI of 0.5, fixed at different times postinfection in 2% paraformaldehyde (PFA), and permeabilized with 0.2% saponin. Indirect immunofluorescence was performed using anti-CT153 mouse Abs and anti-EB rabbit serum, followed by Alexa Fluor-conjugated secondary Abs (Molecular Probes, Eugene, OR). Coverslips were washed, stained with DRAQ5 (VinciBiochem, Vinci, Italy), and mounted in Mowiol (Calbiochem, La Jolla, CA). Images were collected using a Yokogawa spinning disk head mounted on a Nikon Eclipse TE2000-S microscope with a 60ϫ and 1.4-numerical-aperture (NA) oil immersion objective (Nikon, Tokyo, Japan). Fluorescence was detected using a Photometrics Cascade II:512 camera (Princeton Instruments, Trenton, NJ). Images were processed using Adobe Photoshop.
Transmission electron microscopy. C. trachomatis serovar D-infected HeLa 229 cells were fixed in 2% PFA, labeled with anti-CT153 Abs and peroxidaseconjugated secondary Ab, and prepared for transmission electron microscopy (TEM) as previously described (7). Anti-MOMP and anti-Hsp60 were used as 2692 TAYLOR ET AL. INFECT. IMMUN.
controls for chlamydial outer membrane and cytosolic staining patterns, respectively. Sections were examined at 80 kV on a Hitachi H75000 transmission electron microscope. Images were captured using an Advantage high-resolution charge-coupled-device camera. MVB inhibition assays and LD staining. HeLa 229 cells were grown on coverslips and infected with C. trachomatis or C. caviae, and 1, 5, or 10 mM 3-methyladenidne (3-MeA) was added to the culture medium at 1 h postinfection, as previously described (3). The effect of the MBV inhibitor was determined by titrating recoverable inclusion-forming units (IFU) on monolayers of HeLa 229 cells. C. trachomatis-or C. caviae-infected HeLa cells were fixed in 3% PFA plus 0.025% glutaraldehyde at 36 or 28 h postinfection, respectively. Monolayers were washed, stained with DRAQ5 and BODIPY 495/503 (Molecular Probes, Eugene, OR) as previously described (32) , and analyzed by confocal microscopy.
RESULTS
CT153 is expressed by all C. trachomatis serovars. Highly conserved CT153 gene orthologs are present in the genomes of all sequenced C. trachomatis strains, including serovars A, D, and L2 (13, 52, 55) ; however, it is unknown if CT153 gene orthologs are present in the unsequenced human serovars. We analyzed EBs from chlamydial reference strains by SDS-PAGE (Fig. 1A) and by Western blotting with anti-CT153 Abs (Fig.  1B) to determine if CT153 was broadly conserved among C. trachomatis serovars. A protein corresponding to the predicted mass of CT153 (91 kDa) that was unique to C. trachomatis serovars was not discernible following Coomassie brilliant blue (CBB) staining of EB lysates (Fig. 1A) . The inability to identify p91 with CBB indicated that it was not a highly abundant protein. Anti-CT153 Abs reacted with a single polypeptide of 91 kDa (p91) in lysates of EBs from all 15 human C. trachomatis reference serovars, as determined by Western blotting (Fig. 1B) . The amount of CT153, as judged by the intensities of the Western blot bands, was greater in lysates from trachoma (Fig. 1B , lanes A to K) than in lymphogranuloma venereum (Fig. 1B, lanes L1 to L3) biovar EBs. Anti-CT153 Abs failed to recognize the C. muridarum CT153 ortholog, TC0431, although these proteins share 70% amino acid identity. This could indicate that TC0431 does not localize to the EB or that the immunodominant portion(s) of CT153 and TC0431 resides in regions of amino acid diversity. Anti-CT153 Abs were nonreactive with EBs from the C. caviae strain, which is consistent with the absence of a CT153 gene ortholog in this strain (45) .
Processing of CT153 is independent of de novo chlamydial protein synthesis. The association of p91 with EBs prompted us to examine CT153 in the context of early interactions of EBs with host cells. HeLa cell monolayers were infected with C. trachomatis at an MOI of 1,000 in the absence or presence of prokaryotic RNA and protein synthesis inhibitors and were analyzed by Western blotting (Fig. 2) . Full-length p91 was the predominant immunoreactive protein in purified EBs. Following infection of untreated and treated cells, anti-CT153 Abs exhibited reactivity against p91 and polypeptides of 57 kDa and 41 kDa. The combined mass of these lower-molecular-weight polypeptides was similar to that of full-length CT153, indicating that p91 was proteolytically processed into p57 and p41. Cleavage of p91 occurred as early as 15 min postinfection. The p57 and p41 proteins were observed in antibiotic-treated cultures throughout the 6-h incubation period. These results demonstrated that the proteolytic processing of p91 occurred in the absence of de novo chlamydial protein synthesis. Unlike with p91and p57, the intensity of the p41 signal diminished with 
FIG. 2.
Processing of CT153 is independent of de novo chlamydial protein synthesis. HeLa 229 cells were infected with C. trachomatis at an MOI of 1,000 in the absence or presence of rifampin (Rif.) and chloramphenicol (Chlor.) and harvested at the hour postinfection (hpi) indicated. Samples were analyzed by SDS-PAGE and Western blotting using anti-CT153, -MOMP, or -GAPDH Abs. p91 was the predominant polypeptide in EBs; reactivity against p57 and p41 was observed but at a lesser intensity (EB lane). Following infection of untreated and antibiotic-treated cells, the p57-and p41 polypeptides were observed over the entire 6-h incubation period. Note that the p41 signal diminishes with time in the untreated but not the antibiotictreated cells. (Fig. 3) . Anti-MOMP and anti-GAPDH Abs were used as chlamydial and cellular controls, respectively. MOMP expression was first detected by the middevelopmental cycle (24 h); GAPDH levels remained constant at all time points examined. Anti-CT153 Abs detected p91 by 24 h postinfection, and the amount of protein progressively increased until the end of the developmental cycle (Fig. 3) . This is consistent with results of a previous transcriptome analysis of the C. trachomatis developmental cycle that shows that de novo expression of the CT153 gene mRNA initiates 8 h postinfection, peaks by 24 h postinfection, and remains elevated throughout the remainder of the cycle (7). The anti-CT153 Abs were immunoreactive with p57 and p41 at similar intensities at the same time points, indicating that the processed forms of CT153 were stable during the middle to late developmental cycle.
CT153 is found in the insoluble and soluble fractions of infected cells. Many MACPF/CDC superfamily proteins are secreted into infected host cells or into the extracellular environment (48, 57) . Insoluble and soluble fractions of C. trachomatis-infected cells were analyzed by Western blotting using anti-CT153 Abs to examine the solubility of CT153 (Fig. 4) . Anti-MOMP and -CPAF Abs were used as positive controls for insoluble and soluble chlamydial proteins, respectively. Both of these proteins were first detected during the middle to late developmental cycle. MOMP was present only in the insoluble fractions, and CPAF was detected in both the insoluble and soluble fractions (Fig. 4) , as previously described (53) . Consistent with the kinetic study, anti-CT153 Abs recognized full-length p91, p57, and p41 by 24 h postinfection in the insoluble fractions (Fig. 4A) . These results support the conclusion that insoluble forms of CT153 were associated with chlamydial organisms or with membranes. Full-length p91 was detected at the same time points as CPAF in the soluble fractions (Fig. 4B ). There are probable explanations for these results: (i) fragile RBs (54) lysed during the homogenization process and released p91 into the soluble fraction or (ii) CT153 was secreted from organisms into the inclusion lumen or host cytosol, similarly to other soluble chlamydial proteins (31, 53, 60) .
Confocal microscopy of CT153 expression in chlamydiainfected cells. C. trachomatis-infected cells were immunostained with anti-CT153 Abs to localize the protein. Infected cells were also stained with anti-MOMP and anti-Hsp60 monoclonal Abs as positive controls for outer membrane and cytoplasmic staining, respectively. Characteristically, anti-MOMP uniformly and specifically reacted with the outer membranes of RB and EB developmental forms, and immunofluorescence was distributed throughout the contents of mature inclusions (Fig. 5A, C, D, and F) . In contrast, organisms stained with anti-CT153 showed a nonuniform staining pattern that labeled only what appeared to be RB developmental forms (Fig. 5B and C, arrows) and a minor population of very large particles ( Fig. 5B and C, arrowheads) . Organisms stained with anti-CT153 were commonly observed along the inner leaflet of the inclusion membrane and tended to polarize next to nuclear regions within inclusions (Fig. 5B and C, arrows) . Organisms stained with anti-CT153 did not exhibit discernible outer membrane staining at this level of resolution but localized to the chlamydial cytoplasm. Despite a rigorous examination of infected cells, we were not able to detect CT153 in either the host cell cytosol or cytoplasmic membrane. Hsp60 staining (Fig. 5E and F) was similar to CT153 staining ( Fig. 5B and C) and to that previously reported for pzPLD CT155 (37) .
CT153 localizes to distinct RB developmental forms. Immunoelectron microscopy was performed on infected cells to more precisely define the developmental forms reactive with anti-CT153 (Fig. 6) . Anti-MOMP Abs reacted strongly with the outer membranes but not with the cytosols of all chlamyd- (Fig.  6A) . In contrast, and consistent with our confocal findings, CT153 Abs labeled a distinct population of RBs that were predominantly positioned adjacent to the inner leaflet of the inclusion membrane (Fig. 6B, arrows) and to the less abundant population of large atypical RB particles described above (data not shown). CT153 staining of the RB outer membrane was suggested (Fig. 6B, inset ) but was not clearly discernible due to the intense cytoplasmic staining. Anti-Hsp60 staining was similar to anti-CT153 staining in being restricted to a subpopulation of RBs with strong cytoplasmic localization (Fig. 6C) .
Likewise, it was difficult to discern specific anti-Hsp60 outer membrane staining due to its cytoplasmic labeling. The differential staining of RBs and large aberrant RB forms with CT153 and Hsp60 was most pronounced in mature, late-developmental-cycle inclusions (30 to 48 h). Effect of MVB inhibitors on chlamydial growth and LD staining. The fusion of MVBs with chlamydial inclusions is necessary for optimal C. trachomatis growth (3). The effect of MVB inhibition on chlamydial development was tested with C. trachomatis and C. caviae strains that possess and lack CT153, respectively (Fig. 7) . There was a 3-log reduction in the number of C. trachomatis and C. caviae IFU recoverable in the presence of 10 mM 3-MeA (Fig. 7A) , which was accompanied by a marked reduction in inclusion size (Fig. 7B) . The inhibitory effect of 3-MeA on C. trachomatis is consistent with the work of Beatty (3). Our results show that C. caviae growth was also inhibited by 3-MeA, indicating that this strain requires normal MVB maturation for survival. These data suggest that interactions with MVBs may be important for the development of all chlamydial species. Thus, there was not a correlation between strain sensitivity to 3-MeA growth inhibition and retention of CT153. In contrast, we observed differences between the strains when inclusions were analyzed for LD distribution. LD staining in C. trachomatis (CT153-positive)-and C. caviae (CT153-negative)-infected cells was distinct (Fig. 7C to H) . In C. trachomatis-infected cells, LDs were redistributed in the host cytosol and were detected inside inclusions (Fig. 7C to E) , an observation consistent with previous reports (14, 32) . There was a definite association between large chlamydial developmental forms and intrainclusion sequestered LDs. In contrast, neutral lipid staining inside C. caviae inclusions was weak and dispersed, and no prominent droplet-like structures were detected (Fig. 7F to H) . Thus, the occurrence of intrainclusion LDs correlates with the expression of CT153. These findings 
DISCUSSION
Species-variable alleles in the PZs of chlamydiae play important roles in chlamydial disease diversity and immune evasion (6, 10, 12, 34, 38, 39) . Here, we provide the first biological characterization of the PZ MACPF domain family protein CT153. We show that CT153 is present in EBs of all 15 human C. trachomatis reference serovars as a full-length p91 polypeptide, indicating a species-common function. The p91 polypeptide was rapidly cleaved (15 min) into immunoreactive p57 and p41 fragments, suggesting a possible role for CT153 in early EB host cell interactions. It is unknown if proteolytic processing is required for CT153 function, as some MACPF/CDC proteins require cleavage for activation (58) while others do not (49) . The early infection-dependent processing of CT153 occurs independently of chlamydial de novo protein synthesis, implicating either host-mediated proteolytic cleavage or autoproteolysis. The p91 and p57 polypeptides are present in both untreated and antibiotic-treated infected cells for up to 6 h postinfection, and the p41 fragment is less immunoreactive at these time points. The significance of these observations is unclear, but they suggest distinct functions for full-length p91 and its processed peptide fragments. Collectively, our findings implicate CT153 as a potential virulence factor that could function in early events of C. trachomatis infection, possibly by interacting with host cell membranes. Anti-CT153 Abs failed to react with EBs by immunodot blotting and were nonneutralizing, suggesting that p91 is not a surface-exposed antigen (data not shown). However, these findings do not exclude a possible secretory mechanism for mediating p91-host cell interactions.
CT153 was expressed during the mid-developmental cycle, and levels of p91 increased later during the growth cycle, a time when RBs actively differentiate into EBs. This finding is consistent with our observation that full-length CT153 is the predominate polypeptide present in purified EBs. CT153 exhibited proteolytic processing that resulted in p57 and p41 fragments similar to those detected following early infection. Members of the MACPF/CDC superfamily are secreted proteins that transition from soluble monomers to oligomeric membrane-spanning pores (48, 57) . In addition to playing roles in parasite (26) and protein translocation (33) across membranes, the proteins exhibit cytolytic activity in vitro (19, 23) . Recombinant p91 was not active in red blood cell hemolytic assays (data not shown). The hemolytic activity of CDCs can be species specific (36) and sensitive to the cholesterol content of the target membrane (20) ; therefore, these results are inconclusive, as our assays may have been limited by suboptimal conditions or by the use of recombinant p91. Western blotting of cellular fractions from C. trachomatis-infected cells indicated that p57 and p41 localized to insoluble membrane fractions. Interestingly, p91 was detected in both the insoluble and soluble fractions of infected cells. The solubility characteristics of p91 are similar to those of CPAF, a well-studied chlamydial protease that is secreted into the host cell cytosol by an unknown mechanism (60) . One interpretation of our results is that full-length p91 is similarly secreted and undergoes processing after secretion or once inserted into a target membrane. Further biochemical and membrane fractionation studies are needed to test this hypothesis and better define CT153 interactions with host cell membranes.
CT153 was expressed in a distinct population of RBs, some of which were closely positioned next to the inclusion membrane. Confocal microscopy and TEM showed that CT153 expression in RBs was indistinguishable from that of Hsp60 ( Fig. 5 and 6 ). Hsp60 is a chaperonin (17) that exhibits increased expression when chlamydiae respond to physiological stress (5, 43) . Thus, RBs expressing CT153 may have specialized metabolic activity, supporting a hypothesis that there may be unique developmental forms with important functions in chlamydial intracellular growth. The similarities in Ab staining patterns between CT153 and the pzPLD CT155 (37) are striking and suggest that these proteins are functionally related. We also observed that C. trachomatis RBs expressing CT153 were closely associated with intrainclusion LDs. Metabolically active RBs in close proximity with the inclusion membrane could be poised for physical interactions with the host cell environment, including responding to signals in the eukaryotic cytosol, facilitating nutrient uptake, or secreting proteins. Each of these activities could be mediated by a chlamydial membrane-spanning pore protein. Thus, these proteins might participate in a lipid acquisition or modification pathway unique to C. trachomatis. This hypothesis is supported by the correlation between intrainclusion LD and a C. trachomatis strain that expresses both CT153 and the pzPLDs. Unfortunately, we were unable to localize CT153 within the host cytosol, in host membranes, or in chlamydial membranes by immunofluorescent confocal microscopy or immunoelectron microscopy. These findings do not rule out a pore-forming function for CT153 in chlamydiahost cell interactions, as these assays may be too insensitive to detect the small quantities of protein that possibly associate with membranes in a specialized and restricted manner. In summary, we show that full-length CT153 (p91) is present in EBs of all human-pathogenic C. trachomatis strains and is proteolytically processed immediately following infection of host cells. Our findings show that CT153 is expressed by RBs closely associated with the inclusion membrane and with intrainclusion LDs and exists in both insoluble and soluble forms. The function of CT153 is unknown, but the gene encoding it is conserved in human strains, implicating CT153 as a potentially important protein in the pathogenesis of human infection and disease. We propose that CT153 is activated by proteolytic processing and, in conjunction with the pzPLDs, plays an important role in the acquisition or modification of host-derived lipids. Interestingly, reactivation of C. trachomatis from a gamma interferon-induced persistent state is blocked by primary alcohols, which are potent inhibitors of PLDs, impli- cating a role for the pzPLDs in this process (37) . In this context, CT153 expression of persistently infected cells is worthy of further study, as a recent report shows that recovery from persistence requires incorporation of host lipids into chlamydial membranes (46) . In future studies, we hope to address the function of CT153 during normal and persistent infection.
